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1 INTRODUCTION

The University of North Dakota has
operated a Cessna Citation II research
aircraft in support of the Federal
Àviation Àdninistration's efforts in
developing the Next Generation Radar
(NEXRÀD) and Ter¡ninal Doppler Weather
Radar (TD?ûR) weather radar systens.
l.light nissions were coordinated vith the
operat,ions of ground-based Doppler radar
systems to obtain simultaneous aircraft
and radar observations of turbulence.
These in situ and remote observations
will be compared in order to help
evaluate and improve the NEXRÀD
turbulence algorithn. This algorithm
uses the Doppler spectrum variance to
measure t!¡e strength of turbulent air
¡¡otions t the rrturbulencett felt in an
aircraft is due to the response of the
aircraft to these air ¡rotions. The
ulti¡¡ate goaì. of the algorith¡¡ is relate
the Doppler velocity fluctuations to the
aircraft response.

During these Citation flight rnissions,
special attention was given to recording
the levels of turbulence perceived by the
air crew; however, these observations are
not sufficient for a cornplete validation
of the radar ¡reasurernents. One
shortco¡¡ing is that tbey are subjective.
?hey are also typically not ¡nade at
regular, freguent intervals, thus
yielding an incornplete data record.
Finally, they are valid only for the
conditions relevant to that flight, sucl¡
as aircraft type, weight and speed.
Thus, to help overcone these
inadequacies, a number of objective
neasures of turbulence have been selected
for exanination. These neasures have
been interconpared and related to the
subjective observations for use in
evaluating the turbulence algorithm.
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at altitudes belorv 6 kn I'ISL.
aircraft r^¡as norrnally f lown a
airspeeds of approxirnately 100 m s

t
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The data used for this study h¡ere
gathered as the citation was operaÈed
during the spring and su¡¡¡rer of 1989 in
the Kansas City, Missouri area. These
fligbts were conducted through and in the
vicÍnity of convective clouds, prlnariJ.y

The turbulence neasures used in this
study were derived fro¡n the output of a
differential pressure transducer and a
vertical, acceleroneter. The pressure
transducer is rnounted in the nose of the
aircraft and connecteC to the dynanic and
static pressure ports of a boo¡¡-mounted
flow angle probe. The nominal I/e
response ti¡ne of the transducer is 15 ms;
however, darnping of pressure fluctuations
in the pitot line reduces the effective
high freguency cutoff to approxirnately 8-
10 Hz. The vertical asceleroneter is
integral to the inertial navigation
system ¡nounted near the center of gravity
of the aircraft. Data signals are
sanpled at a rate af 24 Hz.

MEÀSURES OF TURBULENCE

Àtrnospheric turbulence produces
fl.uctuations of the speed and direction
of airflow past an aircraft in flight; as
a result, the aircraft experiences
¡no¡nentary accelerations. The turbul,ence
intensity ¡nay therefore be esti¡nated by
analyzing either the variations in
airfl.ow or the response of the aircraft.
Àircraft accelerations are physically
sensed by the crew (and passengers) and
nay also necessitate control inputs to
¡naintain desired aircraft flight
attitude. The intensity scale
established by the Federal Àviation
Àdministration (FÀÀ) is defined in terns
of pilot sensory and rnotor reactions
(FAÀ, 1985). The 1evels of intensity,
ranging fro¡n negligible to potentially
destructive, are S¡¡ooth, Light, Moderate,
Severe and Extreme. These gualitative
observations of turbulence vere recorded
periodicaJ.ly by the flight scientist.
À nore direct and objective measurement
of the aircraft response to turbulence
¡nay be made by an accelero¡neter. À
chaDge in airflow, or gust, will produce
an incremenÈal. vertÍcal load on the
aircraft. The output of the Citation's
verticaL accelero¡neter htas characterized
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in a number of different ways to findrelationships between the- vertical
accelerations and other heasures of
turbulence (see Table 1, Nunbers 3-?).

Variations in airflow occur as theaircrafÈ encounters turbulent eddies in
the atnosphere. The sinil.arity theory of
Kolnogorov states that vithin a certain
range of eddy sizes, the inertial
subrange, the transfer of energy from
larger to snaller eddies can be described
statistical).y by the eddy dissipation
rate, e. The inertial subrange does
happen to include those eddi.es which areprinarily significant to aviation
(MacCready, 1964). Thus, a ueasure of r
provides a neasure of turbulence.

the eddy dissipation rate
caLculated from ¡neasurenents
aircraft true airspeed V¡:

Qa¡l! _ [BJ'r#
where D is a structure function of for¡n

< (vt(x) - va{x+6x))2 >,

C is Kol.¡nogorov's constant ( 1. ?7 ) and 6x
is Èhe lag distance beth'een saurp).es. The
lag dÍstance used in this study 

".¡as 
the

distance travelled by the Citation in O. 5
s, or approxinatel.y 50 n. This scale
should be well within the inertial
subrange. The struct,ure function lras
averaged over 10 s (approxinately 1OOO n)
to yield values corresponding to the size
of the radar sanpling vol.u¡ne.

tine cL/3 derived from true airspeed data
is a valuabLe estirnator of atrnospheric
turbulence because it is a direct ¡neasure
and is not dependent on aircraft
paraneters sueh as type, weight and
speed. It is also incorporated in!g- the
NEXRÀD turbulence algorit-hn where É1l3 iscalcul.ated fro¡n the variance of theDoppler velocities (Bohnp,^ 1985).Therefore, the values of cL/ t derivedfron airborne obse¡¡¡ations should provide
a neans of verifying the algorithri which
is nore suitable than using aircraft
response variables. (ft should be noted,
however, that significant sampling
differences exist between the aircraft
and radar obser:\¡at,ions. )

The eddy dissipation rate can
esti¡¡ated so¡newhat less direct).y
vertical accelero¡neter output

also be
fro¡n the
( Labitt ,

1981):
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Table 1. List of Derived Turbulence
Para¡neters.

No. Paratneter
1 Turbulent, kinetic energy dissipation

rate to the 1/3 power derived fro¡n
true airspeed.

2 Turbulent kinetic energy dissipation
rate to the 1,23 polrer derj,ved fro¡n
vertical acceleration

3 Maxi¡nurn value of the absolute value
of the vertical acceleration during
1 second interval.

4 Uean of the absolute value of the
vertical acceleration during 1
second interval

5 Standard deviation of the vertical
acceleration during 1 second
interval

6 Maxinurn change in the vertical
acceleratj.on in I/241h second

7 Variance of the 1/24th second
changes in the vertical- acceleration
over one second

I variance in the true airspeed over L

second interval
9 Standard deviation of the true

a i rcnea¡¡l awer 1 cô^^ñÁ 'i nianr¡ ì

accel.ero¡¡eter data, the aireraf t
paraneters !¡ere treated as constant. One
of these paraneters, the nass of the
aircraft, r.¡as clearly no constant, but
varied with the fuel load. Àn average
value of the ¡nass has been assuned, but
this could be in error by 10t, depending
upon whether it was early or late in the
fligbt. This error voul.d the-n._ give a
si¡nilar error to the computed c1l3 -values
as the ¡Ìass appears as a Ìinear tern in
the fornula.

Tt"¡o other objective neasures l¡ere derived
f ro¡n the airspeed ¡neasure¡nents. These
Itere simply the variance and standard
deviatlon of the true airspeed.

COMPÀRISONS OF lHE TURBULENCE
MEÀSURES

4.1 Co¡nparisons of Different Obiective
Heasures

The values of ,L/3 as cornputed from the
variations in true air speed have been
conpared to those values conputed tro¡n
the vertical accelerometer data. À
scatter diagran of the respective values
is shorvn in fig. 1. The data upon which
this figure is based were taken on three
different flights nhen a fairly broad
range of turbulence was experienced by
the aircraft. In general, the agreemenÈ
between the tri¡o computations hras good.
There was one exception, the results of
which can be seen in the small clump of
points located near the top of the
diagrarn. This was caused by penetration
of a strong updraft which resulted in
strong vertical acceleration of the
aircraf t r.¡ithout an accornpanying change
in the true airspeed. The line plotted
on the diagram represents perfect
agreeroent between the tr,Jo nethods.

4

mq3;qæ
where

Dva = acceleration structure function
m = mass of the aircraft

CLa = aircraft lift curve slope
S = r.ring area
p = air density at flight leveL.

It should be . ¡lpted that in the
computation of cL/ 't fron the verticat
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Comporison of Epsìlont,zJ Colculoted from Oilferent Meosurements.l.vc À. SÞcad V¡. Vrrticol Accatarot¡oñ
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airspeed as a function of crlr
fro¡n vertical accelerometer

Fig. 1.
fron true
coDPuted
data.

The vaLues of cI/3 were al.so conpared to
the other objectively-neasured paraneters
described in Table 1. These þaranetersdo not represent an exhaustivè list of
the posslble pararneters, but rtere chosen
as candidates f or the turbul.ence r f ef t',
by the aircraft. Values of these other
para¡îeters r¡ere snoothed by a 1O-secondrunning neE4. for conparison with the
val.ues of ¿L/ r . Tr{o of these are shownplotted in Pigs. 2 and 3. FiS. 2 shows
the variance qf,^ the true airspeed
conpared to the c"/' as cornputed fro¡n the
true airspeed. The ¡nut,ual dependence of
these variabl.es is obvious f ro¡n the
figure. Sinilarly, the variance of the
vp¡$,ical accelerorneter cornpared to the
eL/ s values derived fron the vertical.
accelero¡¡eter data (Fig. 3 ) shows a
relatively strong relationship.
It is worthy of note that in both the
figrures discussed above, the independent
measured variable is consj.stent; i.e,,
those variables dealing with true
airspeed are together and those dealing
with the vertical acceLero¡neter data are
together. Às night be expected, a
courpar j.son of the
airspeed with the

Vorionce of True Air SÞeed os o lunction
of EPsi¡onl /l
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:îrtance of the true
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Fig. 2. Scatter diagran of the vari
of true airspeed as a funstion of
co¡nputed frou true airspeed.

Vorionce of Vêrticot Accclêrot¡on os o Function of
Epsilont,/¡ computed f rom Vert. Accclerometer Ooto

the vertical accelero¡¡eter data l¡ould
shor¡ ¡¡ore scaÈter. Comparisons were ¡nade
of nany derived variables a¡îong which
Irtere those listed in Table 1. f n
general, the derived variables that could
change sign, such as verticaL
acceleration or change 1n vertical
acceleration, exhibÍted no significant
correlation r+ith any of the other
variables. Those derived variables that
did not change sign, such as the absolute
value of, the change ln vertical
acceleration or the vari.ance of the
vertical acceleration, tended Èo be
highly correlated. The correlation
¡¡atrÍx f,or the variables listed above as
nu¡nber 1 through 9 is shown in Table 2.

Table 2. Correlation natrix for objective
Deasures of turbulence.

4.2 Cortoarisons of Subìectiwe and
Obiective Measures

The conparisons between the subjective
and objective neasures were not done in
the sarne statisti.cal ¡nanner as the
objective parameter intercomparisons.
One reason for this is that the
subjective reports lrere logged at
relatively infreguent and irregular
intervals. The reporting of turbufence
intensity in any given flight segment
also tends to be biased by the extreme
accelerations which may or nay not be
representative of a conÈinuous level of

2.00

1r r<

i r.5o

.È L00

ï o.so

?ozs

0.00
0
)

anç9
eL/ s

a

=

!' .zs

;uv
Èc75

;-vu

2.50

2.25

2.00

t.75

1 ,30

1.25

1.00

0.75

0.50

0.25

0,002 I 6 E l0
€Þsiloñr/J Iroñ V.rt. Acccl. (cm2lJ s-t ¡

12 t4

Fig. 3. Scatter diagrau of the variance
o_f,-vertical acceleration as a function of
¿rlr cornputed fro¡o true airspeed.
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turbul.ence. It is, however, the
strongest I'bunpstr which produce the ¡nost
stress on the aircraft and its contents.
Tt¡erefore, the subjective vaìues were
conpared with the ¡naxi¡nurn or ttpsakrl
values of the objective ¡neasures. À
subset of the five nost prornising
objective parameters Ltas chosen for
study.

À ti¡¡e trace of the vertical
accelero¡¡eter output lras exa¡nined to
identify flighÈ segrments where the
turbulence was relatively hornogeneous and
where subjective esti¡nates of its
intensity had been recorded. À totaL of
74 data segments were selected from 11
flights. The segnents ranged in length
fron approxinately 30 s to 4 ¡nin (about
3-25 þn); reported turbulence intensities
ranged f ro¡¡ S¡¡ooth to Severe. From
within each segment, the peak val.ues of
the objective paraneters v\rere extracted
and classified according to the
subjective intensity associated with that
segment.

{igures 4 and 5 show freguencydistributions of tr.ro of the objectivé
rneasu¡gç, the ¡naxirnu¡n absoLuÈe value of G
and erlr. Despite the subjective natureof the crerr¡ reports there is good
agreement betr.reen the Deasures. Thetransition points or threshol.d values ofna1- G. eorresponding to increasingsubjective intensities appear to be
approxirnatei-y 0.29, O. 59 ànd 1. Og (riS4). These are j.dentical to the World
lleteoroJ.ogical Organization - p-riteria.
the threshold values of cL/ ¿ occur
roughly al 2, 6 and 11 (Fig. 5). Thesetransition points are not as sharp as for
max G,yltich is due in part to the factthat c¿lt is a neasure of turbulence, no!aircraft response. perhaps moresignificant is a possible contribution ofpilot control inputs. Àctions of thepilots to control the aircraft willlikely have a greater effect on verticalacceleratj.ons than on airspeed
¡îeasurements.

The tl¡reshold val.ues for each of the five
selected para¡neters are shown in Table ¡.There is so¡ne uncertainty in fixing
thresholds for severe turbulence because
there are relatively few sarrples in the
data set.
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